The origin of platelet a-granule fibrinogen (Fg), whether from endogeneous synthesis or exogeneous derivation, remains unknown. Although Fg biosynthesis by megakaryocytes (MK) has been suggested, recent studies have demonstrated that certain a-granular proteins originate primarily from plasma. To study the origin of a-granule Fg, platelet-associated Fg was measured by ELISA and Western blotting, and localized by immunofluorescence and immunoelectron microscopy in a patient with symptomatic congenital afibrinogenemia before and after replacement therapy with cryoprecipitate. a-Granule Fg was detected in the majority of platelets as early as 24 h postinfusion, suggesting that direct platelet uptake was occurring. Platelet Fg reached a maximum value of 42.5% of normal values at 3 d postinfusion and was localized in the a-granules, while plasma levels followed a typical half-life profile. Significant a-granule Fg was still detectable at 13 d postinfusion, with plasma Fg virtually absent. Studies on cultured CFU-MKs from the patient also confirmed that MKs can incorporate exogeneous Fg into a-granules. These results indicate that platelet a-granule Fg can be derived from the circulating plasma pool and that Fg uptake can occur in both platelets and MKs.
Introduction
Platelet a-granules are known to contain a diversity ofproteins including coagulation factors, which are of fundamental importance in hemostasis (1) . Initially these proteins were assumed to originate from endogeneous synthesis during megakaryocyte (MK)' development (2) . Recent evidence, however, has demonstrated that certain plasma proteins such as albumin, Ig, and the tracer protein horseradish peroxidase (HRP) can be incorporated into a-granules (3) (4) (5) . Although fibrinogen (Fg) synthesis by MKs has been suggested (6) (7) (8) , recent in vitro studies have demonstrated that Fg is packaged in the a-granules of cultured MK at a later stage than other synthe-sized proteins and only occurs when an exogenous source of the protein is present (9) . Despite earlier in vivo and in vitro studies that failed to demonstrate Fg exchange between agranules and plasma (10, 11) , recent data involving in vivo defibrination of rats and the infusion of human Fg into guinea pigs suggest that endocytosis of plasma Fg occurs in the MK with subsequent expression of the protein in circulating platelets (12, 13).
To elucidate more conclusively the origin of platelet Fg, quantitative and qualitative measurements of platelet and plasma Fg were performed for up to 24 d in a symptomatic patient with congenital afibrinogenemia after replacement therapy with cryoprecipitate. In this manner, the kinetics of a putative Fg uptake mechanism into the MKs and platelets could be studied. In vitro experiments were also performed on cultured MKs from the same patient before therapy. The experimental data provide the first clear in vivo evidence for the endocytic uptake ofplasma Fg into human platelet a-granules.
Methods
Patient. A 27-yr-old woman with a known family history ofautosomal recessive afibrinogenemia and a life-long history ofbleeding symptoms was admitted with menorrhagia. Representative basal plasma Fg levels were 1.8 ,g/ml Fg (antigen by ELISA), < 9 mg/dl clottable Fg (Clauss technique) with a prolonged thrombin time ratio > 10.0, international normalized ratio > 11.0, and a bleeding time > 30 min (Ivy method). The patient was not receiving oral contraceptives or any other prescribed medication.
Infusion studies. We studied this patient on four separate occasions when she required treatment for severe menorrhagia. Platelet Fg was assessed qualitatively by immunoelectron microscopy (IEM) and quantitatively by ELISA and Western blotting of platelet lysates. In these studies regular samples were taken up to 24 d postinfusion of cryoprecipitate (3.4-5.3 g Fg).
Platelet preparation procedures. Venous blood was obtained by clean venipuncture using the two-syringe technique, and anticoagulated in 1: 10 vol of 3.2% trisodium citrate and EDTA (10 mM). Platelet-rich plasma was prepared by centrifugation at 250 g for 20 min. Platelets and washed buffy coats were applied to a discontinuous arabinogalactan gradient using a modification of the method of Gralnick et al. (14) . The differentiation of platelet membrane associated from internalized Fg was ensured by enzymatic digestion of surface Fg on intact platelets with 1 mg/ml pronase (4 U/mg; Sigma Chemical Co., St. Louis, MO) using a BSA control sample for 4 h at 4°C before washing and lysis. After adjustment of the platelet count to 106/zl, the cells were lysed with 1:40 vol of 20% Triton at 37°C for I h and subsequently stored at -70°C. Centrifugation at 10,000 g was necessary to remove platelet membranes before analysis. The efficiency of removal of plasma proteins was assessed in control samples by the addition of '25I-Fg (Amersham Corp., Arlington Heights, IL) to whole blood before platelet lysis. Quantitation ofFg in normal platelet lysates from 20 healthy donors was performed to establish a reference range.
IEM. I vol blood was taken into tubes containing 9 vol of fixative (3% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2) according to Stenberg et al. (15) . Cells were fixed for 40 min at 20°C, washed three times in phosphate buffer (0.1 M, pH 7.4), and embedded in glycolmethacrylate (16, 17) . Cultured MKs were fixed and treated the same way. Immunocytochemistry was performed on thin sections according to the method of De Mey (18) . Sections were incubated for 2 h in the presence of rabbit anti-human vWf (DAKOPATTS, Copenhagen, Denmark) or Fg (Cappel laboratories, Cochranville, PA). Goat antirabbit IgG coupled to 5-nm gold particles (GARG5; Janssen Pharmaceutica, Beerse, Belgium) was used as the second antibody. Samples were assessed without knowledge oftheir time ofcollection. 50 platelet sections were observed in each sample. Platelets were considered positive for Fg when at least two offive or more a-granules in platelets were labeled.
Culture and immunofluorescence procedures. PBMC from the patient (preinfusion) were separated by Ficoll-Hypaque centrifugation and cultured in Iscove's medium, 1% BSA, 5% PHA-lymphocyte-conditioned medium, and either 10% aplastic plasma or 10% aplastic serum. After 13 d culture cells were recovered, cytocentrifuged, and fixed for 1 min with methanol. Platelet samples were assessed in the same manner. They were subsequently double-labeled using rabbit anti-human Fg (Cappel Laboratories) and a pool ofanti-vWf MAbs (a generous gift of Dr. D. Meyer, INSERM U 143, Hopital de Bicetre, Paris, France). Goat anti-rabbit IgG (rhodamine conjugated; Nordic Immunology, Tillbury, The Netherlands) and sheep anti-mouse F(ab')2 fragments (fluorescein conjugated; Selenius, Hawthorn, Australia) were used as the secondary antibodies.
Immunological methods. Plasma and platelet vWf and Fg were assayed by standard ELISA techniques using polyclonal monospecific antibodies (Dako, High Wycombe, UK). Discontinuous electrophoresis in 2% agarose gels was performed on plasma and platelet lysates by a modification of the method of Ruggeri and Zimmerman (19). After electrophoresis the proteins were rapidly transferred to nitrocellulose by electroblotting (20). Fg and vWf-Ag were visualized using rabbit anti-human Fg or vWf-Ag as first antibody (Dako) and HRP-conjugated swine anti-rabbit IgG (Dako) as the second antibody, and developed with 4-chloro-naphthol and H202.
Results
To study the time course of the appearance of intracellular Fg, a combination of immunocytochemical techniques and biochemical studies of washed platelets, platelet lysates, and plasma were performed at various time intervals up to 24 d postinfusion on four separate occasions.
Biochemical measurements. ELISA measurements and Western blotting demonstrated the absence of Fg in the patient's platelets before therapy, with trace concentrations of Fg in the plasma (0.08% normal). Plasma Fg reached almost 50% of normal levels immediately after infusion and followed a typical half-life decay. In contrast, platelet Fg levels remained low immediately after infusion and slowly increased, reaching a maximum of -40% normal between 2 and 4 d postinfusion while plasma levels were falling. After 5 d the platelet Fg level began to decrease, reaching 18 .7% of normal levels at 7 d postinfusion. Fig. 1 Immunocytochemistry. Before treatment the patient's platelets demonstrated no detectable Fg by immunofluorescence (results not shown) and IEM (Fig. 2 a) . However, in the same sample vWf-Ag was detectable in the platelet a-granules according to its characteristic eccentric localization (Fig. 2 a,  inset) . At 2 h postinfusion Fg labeling was still negative in the a-granules by IEM. Immunofluorescence staining could detect a typical granular pattern of Fg labeling in the platelets at 24 h postinfusion, with 80% of platelet sections positive for Fg by IEM. After 48 h positively labeled a-granules were found in 92% of platelets by IEM (Fig. 2 b) . At 3 and 4 d postinfusion 100% of platelets were positive with the number of gold particles per platelet greater than in earlier samples. The percentage of labeled platelets started to decrease after 5 d. At 13 d postinfusion 12% ofplatelet sections were still positive for Fg in the a-granules by IEM, whereas at 24 d postinfusion all platelets were negative for Fg.
Megakaryocyte culture studies. CFU-MKs from the patient were grown in liquid culture. MKs identified by their positive immunostaining for vWf (Fig. 3 a) represented -2% of the total cell population. Cells grown in the presence of plasma were able to express Fg as shown by immunofluorescence (Fig. 3 b) or IEM (Fig. 4) . In contrast, MKs grown in the presence of serum remained negative for Fg but with normal labeling for vWf-Ag.
Mathematical modeling. A simplistic model of the MK/ platelet incorporation of Fg was calculated from the data in Fig. 1 to estimate the relative importance of MK versus platelet uptake (Fig. 5) (Fig. 5) .
The resulting curves suggested that a combination of both MK and platelet uptake of Fg was operative until 4 d postinfusion, after which only exclusive MK uptake of Fg occurred. However, the model is only an approximate estimate of MK/platelet uptake, particularly as the platelet kinetics were likely to be abnormal in the patient studied because of the severe menorrhagia before therapy. Previous studies may have failed to demonstrate transfer of Fg from plasma to platelets due to insufficient consideration for time-dependent platelet uptake (10, 1 1). Although platelet activation is a prerequisite site for Fg binding to exposed GpIIb/IIIa (22), perhaps Fg can still interact with partially exposed GpIIb/IIIa on resting circulating platelets in a time-dependent manner (23) . Recent evidence demonstrates that resting platelets also contain a dynamic cycling pool of GpIIb/IIIa (24), which could transport plasma Fg into the a-granules. Fg possesses six potential GpIIb/IIIa binding domains, one per y-chain and two per a-chain (25), of which four probably mediate multivalent attachment to the platelets (26), a possible prerequisite for endocytosis. Normal y-chains are necessary to support normal ADP-induced platelet aggregation (27), but may also be critical for internalization ofFg, as both normal platelets and those from patients with certain forms of dysfibrinogenemia (such as fibrinogen Paris I) do not express any of the circulating variant y-chains of Fg (28, 29) . However, it is also conceivable that the uptake of Fg is via a non-Gp Ilb/IIIa-like receptor, which could also mediate the uptake of albumin, Ig, and HRP, its concentration and reten- 
